Introduction
============

Working memory (WM) is the capacity to temporarily store and manipulate information in mind so as to carry out complex cognitive abilities, and as such WM plays an integral part in a number of key processes, including language comprehension, learning, and reasoning (Mull and Seyal, [@B28]; Baddeley, [@B3]). WM impairment is known to be a core feature in numerous neurological and psychiatric disorders such as Huntington's disease, Parkinson's disease, Alzheimer's disease, depression, and schizophrenia (Lawrence et al., [@B24]; Barch et al., [@B4]; Bertolino et al., [@B7]; Logie et al., [@B27]; Barch and Smith, [@B5]; Wu et al., [@B51]; Reppermund et al., [@B43]). Cognitive impairment is difficult to treat, and traditional approaches such as pharmacotherapy and cognitive rehabilitation have resulted in limited improvements at best (Rund and Borg, [@B44]; Lee and Park, [@B25]; Reilly et al., [@B41], [@B42]; Barch and Smith, [@B5]). Therefore, it is crucial that novel approaches to improving WM be explored. Neuroimaging studies exploring WM processes in the brain have suggested that the prefrontal cortex (Duncan and Owen, [@B14]; Muller et al., [@B29]; Passingham and Sakai, [@B35]; Postle, [@B37]), and more specifically, the dorsolateral prefrontal cortex (DLPFC) is a critical region involved in WM processes and deficits (Smith and Jonides, [@B47], [@B48]; Callicott et al., [@B10]; Mull and Seyal, [@B28]; Passingham and Sakai, [@B35]; Cohen and Floel, [@B12]). Therefore, techniques that could directly target and modulate DLPFC activity could have significant potential for improving WM.

Over the last 5 years or so, there has been increasing research looking at the efficacy of non-invasive brain stimulation techniques in improving WM performance (Been et al., [@B6]; Cohen and Floel, [@B12]; Hoy and Fitzgerald, [@B22]). Transcranial direct current stimulation (tDCS) in particular, has shown promising results (Fregni et al., [@B17]; Boggio et al., [@B9]; Ohn et al., [@B34]; Andrews et al., [@B2]). tDCS is a non-convulsive and non-invasive technique which has been found to be safe with very few side-effects (Poreisz et al., [@B36]; Nitsche et al., [@B31]). It has been proposed to modulate the excitability of neurons by shifting the membrane potential of superficial neurons in a de- or hyper-polarizing direction, causing brain cells to be more or less likely to fire respectively (Nitsche and Fregni, [@B32]). tDCS stimulation has been shown to alter cortical excitability in targeted areas so as to enhance (via anodal stimulation) or inhibit (via cathodal stimulation) brain functioning (Nitsche et al., [@B31]). While the focality of tDCS is somewhat limited, the direct functional effects of tDCS appear to be restricted to the area directly under the electrodes (Nitsche et al., [@B30]). This has been shown behaviorally (moving electrodes a few centimeters dramatically alters the effects of tDCS) and physiologically (the electrical field strength has been shown to be relatively consistent under the electrodes, and to diminish exponentially with distance; Nitsche et al., [@B30]). The overall efficacy and direction of the excitability induced by tDCS is dependent on the strength of the current, the electrode size, and the duration of stimulation, as well as the stimulation polarity (Purpura and McMurtry, [@B39]; Nitsche and Fregni, [@B32]; Nitsche et al., [@B31]). tDCS has also been shown to produce persistent changes post-stimulation (beyond 30 min), indicating a potential for highly relevant therapeutic effects which could be used to treat cortical abnormalities (Bindman et al., [@B8]; George et al., [@B18]; Sharma and Antonova, [@B45]; Been et al., [@B6]). Initial studies of tDCS have been predominantly on the motor and visual cortex (Nitsche and Paulus, [@B33]; Liebetanz et al., [@B26]; see review Nitsche et al., [@B31]), however, a growing number of studies are investigating the effects of tDCS on the DLFPC.

There have been a number of informative findings from the research to date on the effects of DLPFC tDCS on WM. The WM modulatory effects of tDCS have been shown to be both site and polarity-specific, namely produced following anodal DLPFC tDCS (Fregni et al., [@B17]). Studies have also shown what appears to be a time-dependent effect of tDCS, in that improvement in WM increases with increased stimulation duration, and that effects appear to last for a period of up to 30 min post-stimulation (Ohn et al., [@B34]). In one of the relatively few patient studies of tDCS and WM modulation, Boggio et al. ([@B9]) found that only 2 mA, but not 1 mA or sham tDCS, resulted in a significant improvement on accuracy on a WM task in Parkinson's disease; suggesting that current strength may play an important role in tDCS effects. A dose effect with DLFPC tDCS stimulation has also been suggested by findings in other cognitive domains, however, there has yet to be a systematic investigation of the effect of current strength on cognitive ability in healthy controls (Iyer et al., [@B23]). Finally, the performance of a WM task concurrent with stimulation has been shown to result in greater post-stimulation WM performance, compared with stimulation alone (Andrews et al., [@B2]). While such research has provided important information regarding the effects of tDCS on WM, there are still a number of fundamental questions to be answered in order to determine the stimulation parameters and protocols that will produce the greatest effects.

The current study aimed to primarily investigate the effect of one of the most fundamental stimulation parameters yet to be systematically explored in healthy controls, that is, optimal current strength. We compared 1--2 mA tDCS to determine the most effective method of WM enhancement. In addition, we looked at the time course of effects: whether changes were produced during stimulation, after stimulation, or both.

Materials and Methods
=====================

Participants
------------

Fourteen healthy participants were recruited for the study, but two withdrew due to time commitments. Participants were excluded if they had a history of seizure or mental illnesses, or any neurological or serious medical condition, or were currently pregnant. Suitability was determined via interview which included the administration of the Mini International Neuropsychiatric Interview (M.I.N.I.; Sheehan et al., [@B46]). Written consent was obtained from the participants prior to the commencement of the study. Ethical approval was granted by Monash University and the Alfred Hospital ethics committees.

Design
------

This study was designed as a double-blind repeated measures experiment. Each participant undertook 20 min of each of the three stimulation conditions and completed the 3-back WM task in the final 10 min of stimulation. Participants then undertook the Sternberg WM task immediately following stimulation. The dependent variables were the accuracy and reaction times of participants' performance in the 3-back task (during stimulation for two time periods; namely, at 10--15 and 15--20 min) and the Sternberg WM task (post-stimulation). The order of conditions was randomized and counter-balanced to account for learning effects. Sham tDCS was included as a control condition. The three sessions were also separated by at least a 1-week washout period to ensure there were no carry over effects. This design is shown in Figure [1](#F1){ref-type="fig"}.
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Materials
---------

### Transcranial direct current stimulation

Transcranial direct current stimulation was applied using an Eldith Stimulator Plus from neuroConn GBH. The battery-driven DC-Stimulator was used to deliver a constant direct current through two surface electrodes, the anode (positive) and the cathode (negative). To reduce resistance and minimize discomfort during application (Nitsche et al., [@B31]), the electrodes were covered in 35 cm^2^ saline-soaked sponges. Anodal stimulation was applied according to the 10--20 international system for EEG electrode placement, over F3 of the DLPFC, while the cathode was placed over the contralateral supraorbital area (Nitsche et al., [@B31]; Fitzgerald et al., [@B16]). The stimulator was set for three conditions, 1, 2 mA, and sham, each for 20 min, and a fade-in and fade-out of 15 s at the start and end of the stimulation. As the sham stimulation was set to have a 2-mA fade-in and fade-out before turning off, participants would still feel the tingling sensations usually produced at the start of an active tDCS stimulation session. The setting of conditions was also carried out by an independent researcher (KH) who assigned participants codes for their active and sham tDCS. The codes were then entered into the tDCS machine at the start of the session by the experimenter (FT). Hence, both participants and experimenter (FT) were effectively blinded as to whether the tDCS was active or sham stimulation.

### Intra-stimulation WM task (n-back)

As previous research has shown that engagement in a WM task during stimulation can enhance the effects of tDCS (Andrews et al., [@B2]), the n-back WM task was undertaken during the period of tDCS stimulation. The n-back was chosen as the intra-stimulation task as it requires continual WM engagement. In this computer-based task, a series of random letters (A--J) were presented consecutively for participants to remember and respond to with a click of a button when a letter that was presented was the same as n letters before. The n-back WM task was developed using the E-Prime 2.0 program to generate the stimuli. Each letter was presented for 1 s with a fixation dot for 1.5 s in between. The WM task consisted of 10 min of 3-back during the second half of the 20-min stimulation period. Alternate forms of the task were used for each administration.

### Post-stimulation WM task (Sternberg)

Post-stimulation WM performance was measured using the Sternberg WM task (Sternberg, [@B49]). The Sternberg WM task is a well validated measure of WM and has been used extensively as an outcome measure for tDCS research. This task was again administered with the E-Prime 2.0 program. This computer-based task generates a fixation cross (2 s) before presenting a memory set (4 s) of eight random consonants for participants to remember. After a 3-s retention period, a single consonant probe (2 s) appears, during which time participants can respond to with a click of a button as to whether the letter was present in the memory set before. For each session, there were three different blocks of the Sternberg WM task which took approximately 15 min to complete with a 2-min break in between each block. Alternate forms of the Sternberg task were used for each administration.

Procedure
---------

Participants were reminded of the experimental procedures at the start of each session. After the participant was comfortably seated in an arm chair, the laptop with the WM tasks was then placed on a board resting over the arms of the chair in front of the participant. A button on the keyboard for responding was indicated by a yellow sticker and participants were then given instructions and practice trails for both the n-back and Sternberg to familiarize themselves with the WM tasks. Next, the location of DLPFC was determined and the surface electrodes were then secured with a headband and net. Stimulation was then administered for 20 min, immediately after which the Sternberg WM task was administered. The duration of each session was approximately 45 min.

Statistical analysis
--------------------

The results were analyzed using the statistical software SPSS 17.0. First, for the intra-effects of tDCS, a 3 × 2 repeated measures ANOVA was carried out for accuracy (number of correct responses) and accurate reaction time (reaction time for correct responses) of the 3-back task, with current (sham, 1, 2 mA) and time (10--15 min into tDCS and 15--20 min into tDCS) as within-subjects factors. For further analysis, paired *t*-tests were also used to carry out *post hoc* tests. For analysis of the effects of current strength on overall post-stimulation WM performance, a one-way repeated measures ANOVA was performed for the accuracy and accurate reaction time of the Sternberg task, with current (sham, 1, 2 mA) as the within-subjects factor. All results were assessed using two-tailed tests, and multiple comparisons were controlled for by utilizing an alpha level of 0.01. All assumptions for the statistical analyses used were met.

Results
=======

The 12 participants consisted of 5 men and 7 women. Participants ranged in age from 22 to 55 years, with a mean age of 27.23 and SD of 9.18. Ten were right-handed and two were left-handed. All participants had a tertiary level of education.

Intra-stimulation effects: 3-back
---------------------------------

### Reaction time

Mean and SD of reaction time for the 3-back task can be found in Table [1](#T1){ref-type="table"}. There was a significant interaction effect between condition and time, *F* (2, 22) = 5.36, *p* = 0.01, *n*^2^ = 0.33 (Figure [2](#F2){ref-type="fig"}). There was no significant main effect of condition, *F* (2, 22) = 2.04, *p* = 0.15 or time, *F* (1, 11) = 0.08, *p* = 0.78. *Post hoc* tests revealed a significant difference between the sham and 2 mA conditions during the final 5 min of stimulation, *t* (11) = 3.41, *p* = 0.00, *r*^2^ = 0.51, but no differences between 1 and 2 or 1 mA and sham. A trend toward significance was also found between the sham and 1 mA conditions in the 10--15 min interval during stimulation, *t* (11) = 2.16, *p* = 0.05.

###### 

**Mean and SD for accurate reaction time of 3-back by current and time**.

              Overall   Time 1   Time 2                     
  ----------- --------- -------- -------- -------- -------- --------
  Condition   *M*       SD       *M*      SD       *M*      SD
  Sham        631.50    133.93   631.57   135.60   629.49   131.30
  1 mA        592.68    122.80   580.50   116.0    605.25   133.55
  2 mA        592.49    107.76   613.01   131.95   581.36   114.13
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### Accuracy

Mean and SD of accuracy for the 3-back task are shown in Table [2](#T2){ref-type="table"}. There was no effect of condition on overall accuracy, *F* (2, 22) = 0.16, *p* = 0.84. There was also no interaction between condition and accuracy across the two time periods, *F* (2, 22) = 0.87, *p* = 0.48.

###### 

**Mean and SD for accuracy of 3-back by current and time**.

              Overall   Time 1   Time 2                  
  ----------- --------- -------- -------- ------ ------- ------
  Condition   *M*       SD       *M*      SD     *M*     SD
  Sham        33.33     12.46    16.50    7.38   16.83   5.56
  1 mA        33.92     11.82    17.42    6.43   16.50   6.20
  2 mA        32.67     14.28    15.83    7.04   16.83   7.71

Post-stimulation effects: sternberg
-----------------------------------

### Reaction time

Mean and SD of accurate reaction time for the Sternberg task are shown in Table [3](#T3){ref-type="table"}. There was no significant difference in participants' reaction times between the sham, 1, and 2 mA conditions, *F* (2, 24) = 0.41, *p* = 0.68.

###### 

**Mean and SD for accurate reaction time and accuracy of Sternberg task**.

              Accurate reaction time   Accuracy           
  ----------- ------------------------ ---------- ------- ------
  Condition   *M*                      SD         *M*     SD
  Sham        910.85                   199.60     23.83   3.24
  1 mA        916.34                   144.07     23.58   4.12
  2 mA        882.40                   173.37     24.58   2.91

### Accuracy

Mean and SD for accuracy of the Sternberg task are summarized in Table [3](#T3){ref-type="table"}. There was no significant difference in participants' correct responses between the sham, 1, and 2 mA conditions. *F* (2, 22) = 1.32, *p* = 0.28.

Discussion
==========

The current study investigated the role of current strength on the ability of tDCS to improve WM with regards to participants' accuracy and response time in the 3-back and Sternberg tasks. The study also looked at the time-dependent effects of tDCS on WM. Overall, the hypotheses were not supported in terms of accuracy for WM performance. The results however did provide support for tDCS improvements in WM performance in terms of reaction time. In particular, there was no effect of current strength or time course on participants' WM performance in terms of accuracy in either of the WM tasks. However there was a significant current by time interaction found for reaction time in the 3-back WM task. *Post hoc* tests revealed that participants were in fact reacting quicker to produce accurate responses in the 2-mA condition compared to the sham condition in the last 5 min of stimulation, with a trend toward significance in the preceding 5 min (i.e., 10--15 min) for the 1-mA condition compared to the sham condition. This finding lends partial support to the hypotheses that participants' WM performance may improve with application of anodal tDCS in a current and time-dependent manner.

The findings that WM performance did not improve in terms of accuracy, either during or following anodal tDCS, are largely inconsistent with past research. Unlike Fregni et al. ([@B17]) and Ohn et al. ([@B34]), 1 mA of anodal tDCS in this study did not significantly improve healthy participants' WM performance in terms of accuracy. Andrews et al. ([@B2]) also showed a significant improvement in participants' WM accuracy following 1 mA anodal tDCS during the engagement of a WM task. One potential explanation for the lack of significant improvement in WM performance accuracy in the current study relates to the difficulty to detect changes in WM performance when participants do not have a pre-existing deficit. The primary outcome measure in this study, i.e., the Sternberg WM task, was possibly too easy as many participants were performing at near-optimal levels in the sham session. Therefore, more sensitive measures of WM performance were needed in this study to detect WM improvements. Consistent with this explanation, the current study did find some improvements in the 3-back WM task on reaction time, which has been shown to be a more sensitive measure of WM performance compared to accuracy (Prinzmetal et al., [@B38]). In addition, the lack of significant findings for the Sternberg task may be due to the use of non-optimal tDCS parameters. Stimulation may need to be applied for longer durations or in different current profiles (i.e., random, intermittent, or alternating, as opposed to direct) to produce a robust enough effect to enhance accuracy on a behavioral task such as the Sternberg.

While participants' post-stimulation WM performance in terms of reaction time was found not to differ with respect to strength of current or time following anodal tDCS, the current study did find a significant interaction of current and time for accurate reaction time *during* stimulation. Further analysis using *post hoc* tests showed that participants' reaction times were improved with increasing current strength as stimulation duration increased. Although Ohn et al. ([@B34]) study found significance only in participants' accuracy performance, a similar pattern could be observed in the time-dependent results found in the current study. The significant result found in the 2-mA condition in patients with Parkinson's disease in the study by Boggio et al. ([@B9]) was also a result of 20 min anodal tDCS stimulation. Both studies, as well as the present one, only found significant improvements in WM performance following longer stimulation durations (around 20 min), which supports the suggestion that longer and stronger stimulation may be needed to produce a more robust WM enhancement. In addition, the trend effect of the 1-mA resulting in a longer accurate reaction time when compared to the sham condition in the 10--15 min interval of the stimulation may be indicative of the need for both a stronger current and longer durations to produce reliable enhancement effects. The types of improvements seen in the current study, i.e., increased response rates, are of some clinical relevance. There have been a number of findings showing a relationship between increased speed of information processing and improved functioning (i.e., vocational performance) in illnesses such as schizophrenia (Gold et al., [@B20]; Evans et al., [@B15]). In addition, the enhancement of more broad cognitive functions such as speed of information processing can assist patients to more effectively engage in cognitive remediation programs, which may lead to greater gains (Demaree et al., [@B13]).

An unexpected result from this study was that the significant interaction effect found in the 3-back task for accurate reaction time in the last 5 min of the 2-mA stimulation did not carry over to the Sternberg task. Based on other studies which have looked into WM impairments in schizophrenia, the Sternberg task has been validated as a reliable form of measure for WM strongly associated with the DLPFC (Ragland et al., [@B40]; Altamura et al., [@B1]; Gore et al., [@B21]). Apart from also being considered a valid measure of WM (Callicott et al., [@B11]; Glahn et al., [@B19]); the cognitive processes involved in the n-back have been shown to differ with respect to the Sternberg task. Participants doing the n-back need to continuously maintain relevant information and match it with the stimulus presented, whereas in the Sternberg task, participants may begin abandoning WM maintenance once they begin searching the memory set for a match (Watter et al., [@B50]). With respect to this study, as well as the past studies which produced significant results for the n-back, it may be the case that the anodal tDCS applied to the DLPFC enhanced WM to a greater extent when the task required more continual consistent cognitive processes to be involved. Hence it could be that the greater cortical excitability needed to perform the n-back task with its more consistent WM load resulted in a cumulative effect, which led to a significant improvement in accurate reaction time performance in the 3-back task -- the effects of which did not carry over to the Sternberg task.

There are a number of limitations that need to be considered. First, the small sample size in this study may have resulted in insufficient power to detect changes in WM performance. However, past studies have generally found significant effects with small samples of about 10--18 participants (Fregni et al., [@B17]; Boggio et al., [@B9]; Ohn et al., [@B34]; Andrews et al., [@B2]). Another possible limitation was that the 10-min of constant engagement in the n-back WM task may have caused fatigue, which could have negatively affected participants' subsequent accurate reaction time performances in the Sternberg task. Third, as mentioned before, the low difficulty of the Sternberg WM task could have caused a ceiling effect in participants' accuracy scores, thus limiting the ability of the study to investigate the impact of tDCS on accuracy in WM performance. Despite these limitations, the current study generated interesting and informative findings.

The current results indicate the need for further research into the role of current strength and time-dependence to better understand optimal parameters for administering tDCS to improve WM. There are many unanswered questions with respect to the optimal method of DLPFC tDCS stimulation for WM enhancement. The culmination of findings like those seen in the current study will greatly assist in the evidence-based development of optimal protocols, which will in turn lead to the conduct of larger-scale studies looking at repeated stimulation protocols which will have more direct clinical applications. Developing optimal tDCS parameters for the enhancement of WM could have significant clinical implications, with the possibility that tDCS could ultimately be utilized as an adjunct to enhance the effectiveness of traditional cognitive therapies.
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